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The incorporation of plant residues into soil not only represents an opportunity to limit soil organic
matter depletion resulting from cultivation but also provides a valuable source of nutrients such as
nitrogen. However, the consequences of plant residue addition on soil microbial communities involved in
biochemical cycles other than the carbon cycle are poorly understood. In this study, we investigated the
responses of one N-cycling microbial community, the nitrate reducers, to wheat, rape, and alfalfa residues
for 11 months after incorporation into soil in a field experiment. A 20- to 27-fold increase in potential
nitrate reduction activity was observed for residue-amended plots compared to the nonamended plots
during the first week. This stimulating effect of residues on the activity of the nitrate-reducing community
rapidly decreased but remained significant over 11 months. During this period, our results suggest that
the potential nitrate reduction activity was regulated by both carbon availability and temperature. The
presence of residues also had a significant effect on the abundance of nitrate reducers estimated by
quantitative PCR of the narG and napA genes, encoding the membrane-bound and periplasmic nitrate
reductases, respectively. In contrast, the incorporation of the plant residues into soil had little impact on
the structure of the narG and napA nitrate-reducing community determined by PCR-restriction fragment
length polymorphism (RFLP) fingerprinting. Overall, our results revealed that the addition of plant
residues can lead to important long-term changes in the activity and size of a microbial community
involved in N cycling but with limited effects of the type of plant residue itself.

Modern agricultural practices include a return of plant
residues to soil, as this is considered sustainable to the
environment. It is now recognized that the conversion of
native land into cultivated systems leads to carbon losses,
which can be up to 20 to 40% (17). Postharvest plant resi-
dues therefore represent an important source of carbon,
helping to replenish soil organic matter that decomposes as
a result of cultivation. Decomposing plant residues are also
a source of nutrients, such as nitrogen, with reduced nitrate
leaching compared to mineral fertilizers, which is beneficial
for water quality (3). In addition, leaving the plant residue
on the soil surface limits water losses by evaporation and
prevents soil erosion by wind or water (15).

The biochemical composition of plant residues is one of
the most important factors influencing their decomposition
in soil (14, 28, 29, 51). Indeed, Manzoni et al. (28), using a
data set of 2,800 observations, showed previously that the
patterns of decomposition were regulated by the initial res-
idue stoichiometry. Several other factors such as climatic
conditions, soil type, or localization of the residue in the soil
(incorporated or on the soil surface) were also reported
previously to influence decomposition (2, 24, 29, 44). Mi-
croorganisms are the major decomposers of organic matter

in soil, and therefore, the diversity and activity of the mi-
crobial community during plant residue decomposition has
received much attention (6, 23, 26, 27, 35). It was shown
previously that the biochemical composition of plant resi-
dues influences microbial respiration (8) and microbial com-
munity structure (7, 37). The recent development of carbon-
labeling approaches has furthered our knowledge of the
microorganisms that actively assimilate the carbon derived
from various plant residues (10, 31). However, most of those
studies focused on microorganisms involved in C mineral-
ization, and in contrast, very little is known about the effect
of plant residue decomposition on the microbial communi-
ties involved in biochemical cycles other than the carbon
cycle. Thus, despite the influence of plant residues on ni-
trogen cycling (1, 4, 5, 16, 20), studies assessing the effect of
the presence and composition of plant residues on the ecol-
ogy of microbial communities involved in nitrogen cycling
are rare (21, 32, 36).

The dissimilatory reduction of nitrate into nitrite is the
first step in the processes of denitrification and the dissim-
ilatory reduction of nitrate to ammonium (33, 41). The
reduction of nitrate by denitrification leads to losses of
nitrogen, which is often a limiting nutrient for plant growth
in agriculture. Two types of dissimilatory nitrate reductases,
differing in location, have been characterized: a membrane-
bound nitrate reductase (Nar) and a periplasmic nitrate
reductase (Nap) (9, 53). Nitrate reducers can harbor either
Nar, Nap, or both (40, 47). Nitrate reducers are probably the
most taxonomically diverse functional community within the
nitrogen cycle, with members in most bacterial phyla and
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also archaea (42). Because of this high level of diversity of
heterotrophs sharing the ability to produce energy from
nitrate reduction, nitrate reducers are an excellent model
system to investigate the response of the N-cycling commu-
nity to plant residue addition.

The aim of this work was to determine how the incorpora-
tion of plant residues with contrasting biochemical composi-
tions into soil affects the nitrate-reducing community. For this
purpose, we monitored the dynamics of the potential activity,
size, and structure of the nitrate-reducing community after the
addition of wheat, rape, or alfalfa residues to soil in a field
experiment. As the nature and availability of the substrate
change during residue decomposition (38, 39, 48), the influ-
ence of the incorporation of different plant residues on the
nitrate-reducing community was investigated at several sam-
pling times for 11 months.

MATERIALS AND METHODS

Experimental field and sampling. The experiment was conducted at the INRA
experimental site at Epoisse, Burgundy, France (47.14°N, 5.06°E). The soil is a
loamy clay soil with the following physicochemical properties: clay (�2 �m),
37.9%; fine silt (2 to 20 �m), 32.5%; silt (20 to 50 �m), 23.7%; fine sand (50 to
200 �m), 3.8%; sand (200 to 2,000 �m), 2.1%; pH 6.73; CaCO3, �1 g � kg�1;
organic carbon, 14.7 g � kg�1; total nitrogen, 1.33 g � kg�1; and C/N ratio, 11.1.
The experimental field was set up specifically to evaluate the influence of the
crop residues on the structure and diversity of soil bacterial communities. Before
the experiment, maize was grown on all plots, and soil characteristics over the
entire experimental site were analyzed before the different treatments were set
up. The field was shown to be homogeneous for the different soil parameters
measured: soil texture, pH, CaCO3, and organic matter contents (O. Mathieu
and J. Lévêque, personal communication). The field experiment consisted of
four treatments: control soil, soil amended with wheat residues (Triticum
aestivum [13 t ha�1 dry matter]), soil amended with rape residues (Brassica
napus [17 t ha�1 dry matter]), and soil amended with alfalfa residues (Medi-
cago sativa [4 t ha�1 dry matter]). The plots were amended with these
residues only in July 2006, and the amount of residue incorporated for each
crop corresponded to what was left behind in the soil after harvesting. The
wheat, rape, and alfalfa residues had C/N ratios of 94, 51, and 27, respectively,
as determined by total combustion in a 1500 CN elemental analyzer (Carlo
Erba). Each treatment was laid out in three replicates consisting of three
independent 3- by 8-m plots. At the beginning of the experiment on 4 July
2006, the residues were ground and incorporated into the first 15 cm of soil
by tilling using a Rotavator. The control plots, i.e., without residues, were also
tilled. Soil samples were collected from each of the four treatments 11 times
between July 2006 and June 2007. At each sampling date, three soil sub-
samples were collected from the top soil layer (0 to 15 cm) over a 20- by
20-cm area for each of the 12 plots. These subsamples were pooled and mixed
to obtain a single composite soil sample per plot, resulting in a total of 132
soil samples. Each soil sample was then sieved at 2 mm and stored at �20°C.

Measurement of potential nitrate reductase activity. The potential nitrate
reductase activity was determined by soil anaerobic incubation, with slight
modifications of a protocol described previously by Kandeler (25). The
method involved a determination of NO2�-N production after adding nitrate
as a substrate and 2,4-dinitrophenol (DNP) as an uncoupler of oxidative
phosphorylation that interfered with electron transfer but allowed nitrate
reduction to continue. Optimal substrate and DNP inhibitor concentrations
were determined in preliminary experiments. In detail, for each composite
soil sample per plot, four soil aliquots of 0.2 g were incubated for 24 h at 28°C
in a total volume of 1 ml containing 1 mM potassium nitrate. The optimum
inhibitory concentration of DNP (0.9 mM) was then added to inhibit nitrite
reduction. The soil mixture was extracted with 4 M KCl and centrifuged for
1 min at 13,000 � g. The nitrite concentration in the supernatant was deter-
mined before and after incubation of the soil samples with nitrate and DNP
by a colorimetric reaction at 520 nm using a reagent composed of phosphoric
acid (1%, vol/vol), N1-naphthyl ethylenediamine dichloride (2 g � liter�1),
and sulfanilamide (40 g � liter�1).

Soil DNA extraction. The DNA was extracted from three replicate samples
from the treatments with wheat, rape, or alfalfa residues and from the control

soil, according to a method described previously by Martin-Laurent et al.
(30). Briefly, 1 g of each soil sample was mixed with a solution that contained
100 mM Tris (pH 8.0), 100 mM EDTA (pH 8.0), 100 mM NaCl, and 2%
(wt/vol) sodium dodecyl sulfate. Two grams of 106-�m-diameter glass beads
and eight 2-mm-diameter glass beads were added in a bead-beater tube. The
samples were then homogenized for 30 s at 1,600 rpm in a mini-bead-beater
cell disruptor (Mikrodismembrator; S. B. Braun Biotech International) and
centrifuged at 7,000 � g for 5 min at 4°C after incubation for 30 min at 70°C.
The collected supernatants were incubated for 10 min on ice with a 1/10
volume of 3 M potassium acetate (pH 5.5) and centrifuged at 14,000 � g for
5 min. After precipitation with 1 volume of ice-cold isopropanol, the nucleic
acids were washed with 70% ethanol. For purification, aliquots (100 �l) of
crude DNA extracts were loaded onto polyvinyl polypyrrolidone (PVPP)
minicolumns (Bio-Rad, Marne la Coquette, France) and centrifuged at
1,000 � g for 2 min at 10°C. The eluate was collected and purified from
residual impurities by using a Geneclean Turbo kit as recommended by the
manufacturer (Q Biogene, Illkirch, France).

PCR-RFLP fingerprinting analysis of the nitrate-reducing community. The
structure of the nitrate-reducing community was determined by using the narG
and napA genes, which encode the membrane-bound and periplasmic nitrate
reductases, respectively, as molecular markers. The DNA extracts from each
replicate plot from the four treatments on four sampling dates (4 June 2006, 26
June 2006, 20 December 2006, and 15 March 2007, which resulted in a total of
48 DNA samples) were used for a restriction fragment length polymorphism
(RFLP)-PCR fingerprinting analysis. The narG and napA genes were ampli-
fied by using primers narG1960F (5�-TAYGTSGGSCARGARAA-3�) and
narG2650R (5�-TTYTCRTACCABGTBGC-3�), and primers napV67m (5�-AA
YATGGCVGARATGCACCC-3�) and napV17m (5�-GRTTRAARCCCATSG
TCCA-3�) (22), and previously described PCR conditions (22, 43). PCRs were
carried out in a 50-�l mixture containing 1.5 mM MgCl2 buffer, 200 mM each
deoxyribonucleoside triphosphate, 5 mM each primer, and 1.25 U of Taq poly-
merase (Qbiogene, France). At least three independent PCRs were performed,
and the PCR products were then pooled for each replicate to minimize the effect
of PCR bias. PCR products were purified by using the MiniElute gel extraction
kit (Qiagen, France). Purified narG and napA PCR products were digested with
the AluI restriction enzyme at 37°C for 4 h as previously described (22). The
narG and napA RFLP fingerprints were obtained after separation by electro-
phoresis on a native 6% acrylamide-bisacrylamide (29:1) gel for 11 h at 5 mA.
DNA staining was done by using Sybr green, and the resulting fluorescence
was scanned with a phosphorimager (Storm 860; Molecular Dynamics, Sunny-
vale, CA).

Estimation of the size of the nitrate-reducing community by qPCR. A quan-
titative PCR (qPCR) assay was carried out with a 20-�l reaction mixture con-
taining Sybr green PCR master mix (Absolute QPCR Sybr green; Rox ABgene,
France), 1 �M each primer, 100 ng of T4 gene 32 (QBiogene, France), and 12.5
ng of DNA. Fragments of the narG and napA genes were amplified by using
previously described primers and thermal cycling conditions (12). Thermal cy-
cling, fluorescent data collection, and data analysis were carried out with an ABI
Prism 7900HT sequence detection system according to the manufacturer’s in-
structions (Applied Biosystems, France). Two independent quantitative PCR
assays were performed for each gene and for the three DNA extracts from each
treatment and each sampling date. Two to three no-template controls (NTCs)
were run for each quantitative PCR assay. Serial dilutions of linearized plasmids
containing the narG and napA genes from Pseudomonas aeruginosa PAO1 were
used to generate standard curves, and the copy number of standard DNA genes
was calculated as previously described (12). All narG and napA assays were run
with DNA from P. aeruginosa PAO1 containing one copy of each of these two
genes as an external standard. Assay specificity was verified by melting-curve
analysis and gel electrophoresis. Tests for the potential presence of PCR inhib-
itors in DNA extracted from soil were performed by spiking soil DNA extracts
with a known amount of standard DNA prior to qPCR. In all cases, no inhibition
was detected.

Data analysis. When data were not normally distributed, a log transformation
was applied and a Student’s t test was used to analyze the qPCR and activity data.
For each type of residue, the percentage of the change from the control was
calculated for the narG and napA gene copy numbers and for the nitrate reduc-
tion activity {[(Xresidue � Ycontrol)/Ycontrol] � 100}. Temporal variations between
sampling dates were analyzed by using a Mann-Whitney test after arcsine trans-
formation of the percentage data using the XLSTAT software (Addinsoft SARL,
France). The narG and napA PCR-RFLP gels were analyzed by using One-
DScan software, version 2.05 (Scanalytics Inc.). Data matrices (band presence
and intensity) were then used to perform a principal-component analysis (PCA)
with ADE-4 software. Pearson correlation analyses were performed by using the
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XLSTAT software (Addinsoft SARL, France) to test the relationships between
nitrate reduction rates and temperature.

RESULTS

Dynamics of the activity of the nitrate-reducing community
in relation to presence and composition of plant residues.
Leaving the plant residues in the field at the beginning of July
2006 immediately stimulated potential nitrate reduction activ-
ity, with rates ranging from 0.8 to 1.2 �g N-NO2� g�1 dry soil
day�1 in the control plots and from 17.0 to 26.1 �g N-NO2�

g�1 dry soil day�1 in the plant residue-amended soil during the
first week (Fig. 1A). This 20- to 25-fold stimulation of potential
nitrate reduction activity in the plant residue-amended plot
then rapidly decreased until fall 2006 (Fig. 1B). Significant
differences in potential nitrate reduction between the amended
and the control plots were still observed in winter 2006 and
spring 2007 but with only 2- to 3-fold increases. The type of
plant residue had a weak effect on potential nitrate reduction.
Thus, no significant differences were observed between the
wheat- and rape-amended plots for 11 months, while the al-
falfa-amended plot first had higher and then had lower rates
than the two other residue-amended plots (Fig. 1). The poten-
tial nitrate reduction activity in the plots with residues was
highly correlated with temperature during the first 10 months
(r2 of 0.59, 0.69, and 0.64 for wheat, rape, and alfalfa, respec-
tively; P � 0.001) but not with rainfall.

Dynamics of the size of the nitrate-reducing community in
response to plant residue incorporation. The average gene
copy number of narG was higher than that of napA, with
densities of 1.6 � 107 to 28 � 107 and 3.4 � 106 to 45 � 106

copies per gram of dry soil, respectively (Fig. 2 and 3). Inter-
estingly, the same temporal dynamics were observed for both
genes with lower densities in fall 2006 and spring 2007. The
incorporation of the plant residue into the soil resulted in an
increase of the napA gene copy numbers on the first sampling
date, while only the increase in the rape-amended plot was
significant on the same date for narG. For the three following
sampling dates (i.e., until 28 August), both the narG and napA
gene copy numbers were higher in the residue-amended plots
than in the control plots. After summer 2006, the presence of
plant residues had a significant effect on the narG gene copy
numbers only in March and June 2007. In contrast, the plant
residue effect was stronger for the napA genes, with significant
increases in the residue-amended plots at several sampling
dates during winter 2006 and spring 2007. For both genes, a
higher gene copy number was observed during the last months
in the wheat and rape residue-amended plots than in the al-
falfa residue-amended plots, but the differences were signifi-
cant only for the napA gene (Fig. 2 and 3).

Effect of the presence and composition of plant residues on
the structure of the nitrate-reducing community. The structure
of the nitrate-reducing community was analyzed at four sam-
pling dates (Fig. 4 and 5), which were selected on the basis of
the potential nitrate reduction activity data. The impact of
gel-to-gel variations on gel analysis was avoided by running all
samples from the same sampling date on the same gel. Twelve
to twenty-seven bands were used for the analysis of the narG or
napA RFLP gels (see Fig. S1 in the supplemental material).
Principal-component analysis of the napA community did not
reveal any significant differences between the different treat-

FIG. 1. (A) Dynamics of potential nitrate reduction rates in control plots and in plots amended with wheat, rape, or alfalfa residues. For each
date, the same letters above the bars (means � standard deviations; n � 9) indicate that treatments were not significantly different according to
a Student’s t test (P � 0.05). Rainfall (�) and temperature (�) data are indicated for each sampling date. (B) Percentage of changes from the
control in the residue-amended plots. For the same residue, identical letters above the bars (means � standard deviations; n � 9) indicate that
the sampling times were not significantly different according to a Mann-Whitney test (P � 0.05).

7138 CHÈNEBY ET AL. APPL. ENVIRON. MICROBIOL.



ments, including the control plots, at all dates except 26 July.
Thus, the napA community structure in the plots amended with
rape residues separated on axis 2 from those from all the other
plots (Fig. 5). Likewise, the addition of plant residues had little
impact on the structure of the narG community, with a sepa-
rate clustering of the plots amended with wheat residues on 15
March (Fig. 4D).

DISCUSSION

Temporal variation of nitrate reducer abundance, structure,
and activity in response to decomposing plant residues. The
incorporation of the plant residues in the field resulted in an
approximately 20-fold increase of the potential nitrate re-
duction activity within 1 day, which suggests that carbon was
a strong limiting factor. Accordingly, Pascault et al. (39)
previously showed a stimulation of soil microbial respiration
in the amended plots in comparison to the control plots at
the same experimental site. In a previous study, the addition
of farmyard manure combined with mineral fertilizer re-
sulted in potential nitrate reduction rates of more than 20
�g N-NO2� g�1 dry soil (13), which were in the same range
as those observed for the residue-amended plots. The addi-
tion of crop residues to soil microcosms was shown previ-
ously to also promote denitrification (21, 32). Together with
the nitrate concentration and oxygen partial pressure, the
role of carbon as a major factor controlling respiratory ni-
trate reduction is well known (11, 50). Myrold and Tiedje
(34) suggested previously that carbon availability in agricul-

tural soil amended with alfalfa straw could be even more
limiting for denitrification than nitrate concentration or ox-
ygen partial pressure. In the residue-amended plots where
carbon was not limiting, we found a very good correlation
(P � 0.001) between potential nitrate reduction activity and
temperature from 4 July 2006 until 4 May 2007, which also
underlines the importance of temperature in regulating mi-
crobial activity (52). The Q10 for nitrate reduction over the
temperature range of 2.3°C to 19.9°C could be up to 5, which
is higher than the general range of 2 to 3 reported previously
for microbial respiration (45). Higher Q10 values for anaer-
obic processes such as denitrification have been explained
by an increase of the anaerobic soil volume resulting from
higher microbial respiration (49). The temperature effect
was less obvious when the last sampling date was taken into
account, probably due to the fact that most of the carbon
from the decomposing residues had already been used, thus
resulting in limiting carbon availability. However, a weaker
but still significant increase in the potential nitrate reduc-
tase activity was observed in June 2007, indicating a long-
term stimulating effect of residue on N cycling, which lasted
at least 11 months (Fig. 1). In contrast, Baggs et al. (5)
previously observed a short-lived effect of crop residue in-
corporation on N2O fluxes, with most of the emissions oc-
curring during the first 2 weeks and then returning to back-
ground levels after 30 to 40 days. Likewise, Aulakh et al. (4)
reported that the effect of legume or cereal crop residues on
denitrification was greater during the first week of decom-

FIG. 2. (A) Dynamics of the estimated size of the nitrate-reducing community using the narG gene as a molecular marker in control plots and
in plots amended with wheat, rape, or alfalfa residues. For each date, the same letters above the bars (means � standard deviations; n � 9) indicate
that treatments were not significantly different according to a Student’s t test (P � 0.05). (B) Percentage of changes from the control in the
residue-amended plots. For the same residue, identical letters above the bars (means � standard deviations; n � 9) indicate that the sampling times
were not significantly different according to a Mann-Whitney test (P � 0.05).
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position. Since a significant residue effect was still observed
after several months in our experiment, it is likely that the
crop residue promoted nitrate reduction by supplying not
only carbon but also nitrogen after mineralization and ni-
trification of the nitrogen present in the plants. However,
this putative effect was probably more limited for the wheat
than for the other residues, due to the high C/N ratio of the
former (ratio of 94).

The stimulation of nitrate reducer activity resulting from the
incorporation of plant residues into the soil was concomitant
with an increase in the size of the nitrate reducer communities
during the first 2 months (Fig. 2 and 3). This is consistent with
data from a recent study by Miller et al. (32), which showed a
similar increase in the abundance of denitrifiers in response to
the higher availability of carbon substrate in soil resulting from
decomposing residues. However, while we cannot rule out the
possibility that the large increase in numbers of the nitrate
reducers in response to residue incorporation during July 2006
might have contributed to the high initial stimulation of the
potential nitrate reduction activity, in general, the size of the
nitrate-reducing community was not an important driver of
nitrate reductase activity over the 11 months of the experi-
ment. As an example, the decrease of potential nitrate reduc-
tion during winter was not mirrored by a decrease of the narG
or napA gene copy numbers (Fig. 2 and 3). This absence of a
relationship between the size and activity of the nitrate reducer
community is consistent with respiratory nitrate reduction be-
ing a facultative process, which therefore depends primarily on
the presence of nitrate, oxygen limitation, and electron donor

availability (50). However, differences in the sizes of the ni-
trate-reducing community might be reflected in the nitrate
reduction activity when environmental conditions are not lim-
iting for the expression of nitrate reductase. Accordingly, the
concept of ecological regulation analysis has been extended to
microbial ecology to understand to what extent biogeochemi-
cal fluxes are regulated by the abundance, diversity, or specific
activity of the microorganisms performing the process (46). In
contrast to potential nitrate reduction and abundance, the
structure of the nitrate-reducing community was not signifi-
cantly affected by the incorporation of plant residues, and most
of the residue-amended plots overlapped the control plots at
all sampling dates (Fig. 4 and 5), suggesting that plant residue
decomposition stimulates the activity and abundance of nitrate
reducers but has little impact on the composition of this com-
munity. This is consistent with a previous study which showed
that the addition of carbon as artificial root exudates resulted
in increased nitrate reductase activity but weak or no changes
in the structure of the nitrate-reducing community (22).

Role of biochemical composition of plant residues in the
nitrate-reducing community. Since the regular agricultural
practices were followed strictly in our study, not only the types
of residue but also the amounts of residue differed between the
amended plots. As a consequence, the effects of the type and
amounts of the residues were tightly linked in our study. Nev-
ertheless, the fact that the stimulation by alfalfa observed dur-
ing the first month after incorporation was similar to or even
higher than that observed for the wheat- and rape-amended
plots, despite the much smaller amount of dry matter incor-

FIG. 3. (A) Dynamics of the estimated size of the nitrate-reducing community using the napA gene as a molecular marker in the control plots
and in plots amended with wheat, rape, or alfalfa residues. For each date, identical letters above the bars (means � standard deviations; n � 9)
indicate that treatments were not significantly different according to a Student’s t test (P � 0.05). (B) Percentage of changes from the control in
the residue-amended plots. For the same residue, identical letters above the bars (means � standard deviations; n � 9) indicate that the sampling
times were not significantly different according to a Mann-Whitney test (P � 0.05).
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porated into the alfalfa plots, indicates a significant role of
residue biochemistry in regulating nitrate reduction rates. Dif-
ferences in residue biochemistry were shown not only by an
analysis of their C/N ratios but also by assessing residue quality
using near-infrared spectroscopy during the entire experiment
(39). At later stages of decomposition, it was not possible to
discriminate between the effects of the quality and amount of
the plant residues. Indeed, the smaller effect of alfalfa residues
than those of the wheat or rape residues at several sampling
dates after summer 2006 could be due either to the initial
smaller amount of alfalfa residues incorporated into the soil or
to their biochemical composition, since crop residues with a
low C/N ratio commonly decompose faster than residues with
a high C/N ratio (18). Similarly, Pascault et al. (39) reported
lower microbial respiration in response to alfalfa residues than
in response to wheat or rape residues at later stages of decom-
position. The size of the nitrate-reducing community was also
affected by the type of residues. A trend toward higher narG
gene copy numbers was observed at the beginning of the ex-
periment (7 and 26 July) in the rape-amended plots than in the
other plots. The same trend was observed for napA, with a
significant difference on 26 July (Fig. 3). Interestingly, we also
found that the structure of the napA community in the rape-
amended plots was significantly different from that of the other
plots on the same sampling date (Fig. 5), which indicates that
the rape residues had a short-term effect on the diversity and
abundance of the nitrate-reducing bacteria but not on their

activity. These results also suggest that the napA community
was more affected by the type and amount of plant residues
than the narG community. This difference between the effects
of residues on the napA and narG genes can be explained by
the fact that the narG and napA communities do not fully
overlap, since nitrate reducers can possess either Nar, Nap, or
both (47). In contrast to our results, no significant difference in
denitrifier abundance between soils amended with soybean,
red clover, and barley residues was observed previously by
Henderson et al. (21). Overall, no strong effect of the type of
residue on the structure of the nitrate-reducing community was
apparent with either narG or napA as a molecular marker.
Likewise, other authors reported the absence of a general
relationship between residue biochemistry and microbial com-
munity structure in soil (7). On the other hand, Pascault et al.
(39) found that in the same experimental field, the composition
of the microbial community present on the residues was re-
lated to residue biochemistry, indicating that the influence of
residues on microbial community composition was limited to
the vicinity of the decomposing material. Accordingly, micro-
bial gradients induced by plant roots decomposing in the soil
were identified (19).

Conclusion. Our results indicate that not only the activity
but also other components of N-cycling communities, such as
their abundance, can be significantly modified by incorporating
plant residues into soil. The stimulating effect of plant residues
on the abundance and activity of the nitrate-reducing commu-

FIG. 4. Principal-component analysis of the structure of the nitrate reducer community using the narG gene in the control plots (C) (white)
and in plots amended with wheat (W) (light gray), rape (R) (dark gray), or alfalfa (A) (black) residues. (A) Data for 4 July 2006; (B) data for 26
July 2006; (C) data for 20 December 2006; (D) data for 15 March 2007. Statistical ellipses drawn over the plot replicates represent 90% confidence.
The percentages of explained variations for the first two axes are indicated within the figures.
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nity was shown to last throughout the 11 months. Our results
also suggest that the management of the type of residue to be
incorporated into the soil had a limited influence on nitrate
reducers. Further studies will be required to verify whether our
findings apply to other N-cycling communities.
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7142 CHÈNEBY ET AL. APPL. ENVIRON. MICROBIOL.



ries following cultivation of previously untilled soils. Biogeochemistry 20:
161–193.

18. Eiland, F., M. Klamer, A. M. Lind, M. Leth, and E. Bååth. 2001. Influence
of initial C/N ratio on chemical and microbial composition during long term
composting of straw. Microb. Ecol. 41:272–280.

19. Gaillard, V., C. Chenu, S. Recous, and G. Richard. 1990. Carbon, nitrogen
and microbial gradients induced by plant residues decomposing in soil. Eur.
J. Soil Sci. 50:567–578.

20. Garcia-Ruiz, R., and E. M. Baggs. 2007. N2O emission from soil following
combined application of fertiliser-N and ground weed residues. Plant Soil
299:263–274.

21. Henderson, S. L., C. E. Dandie, C. L. Patten, B. J. Zebarth, D. L. Burton,
J. T. Trevors, and C. Goyer. 2010. Changes in denitrifier abundance, deni-
trification mRNA levels, nitrous oxide emissions and denitrification in anoxic
soil microcosms amended with glucose and plant residues. Appl. Environ.
Microbiol. 76:2155–2164.

22. Henry, S., S. Texier, S. Hallet, D. Bru, C. Dambreville, D. Chèneby, F.
Bizouard, J. C. Germon, and L. Philippot. 2008. Disentangling the rhizo-
sphere effect on nitrate reducers and denitrifiers: insight into the role of root
exudates. Environ. Microbiol. 10:3082–3092.

23. Hu, S. J., A. H. C. van Bruggen, and N. J. Grünwald. 1999. Dynamics of
bacterial populations in relation to carbon availability in a residue-amended
soil. Appl. Soil Ecol. 13:21–30.

24. Jensen, L. S., T. Mueller, J. Magid, and N. E. Nielsen. 1997. Temporal
variation of C and N mineralization, microbial biomass and extractable
organic pools after oilseed rape straw incorporation in the field. Soil Biol.
Biochem. 29:1043–1055.

25. Kandeler, E. 1996. Nitrate reductase activity, p. 176–179. In F. Schinner, R.
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